The phase equilibria in the MnGa 2 Tе 4 -MnIn 2 Tе 4 system were experimentally investigated by means of differential thermal analysis and powder X-ray diffraction technique. It was found that this system is quasi-binary and characterized by dystectic and eutectic equilibria and the formation of a wide area of solid solutions based on the starting compounds. The crystal structures of the MnGaInTe 4 and MnIn 2 Tе 4 were refined by the Rietveld method using powder X-ray diffraction data. It was established, that both phases crystallize in the tetragonal system (Space group I-42m). Electron paramagnetic resonance and Raman spectra, as well as the temperature dependences of the electrical conductivity and the Hall effect for the MnGaInTe 4 crystal, were studied.
Introduction
Complex metal chalcogenides are essential functional materials possessing optical, photoelectric, thermoelectric, magnetic and other properties. [1] [2] [3] [4] [5] [6] [7] Recent studies have shown that some of these phases are topological insulators and are considered promising for use in spintronics and quantum computing. [8] [9] [10] [11] Among the chalcogenide materials, magnetic semiconductors of the type MB 2 X 4 (where M -Mn, Fe, Co, Ni; B -Ga, In; X -S, Se, Te) and phases on their basis are very promising for use in the manufacture of lasers, light modulators, photodetectors and other electronic devices controlled by a magnetic field. [12] [13] [14] [15] [16] [17] Search and development of methods for the directed synthesis of new multicomponent phases and materials requires the study of phase equilibria in the relevant systems. 18, 19 For this case, the systems including compounds which are structural or formula analogs are the greatest interest since the formation of broad areas of substitutional solid solutions can be expected in them. [20] [21] [22] [23] [24] Herein, the phase equilibria in the MnGa 2 Tе 4 -MnIn 2 Tе 4 system are studied, the crystal structures of the MnGaInTe 4 and MnIn 2 Te 4 are refined, as well as the EPR and Raman spectra for the MnGaInTe 4 crystals are measured, and the temperature dependences of the electrical conductivity and the Hall Effect of the MnGaInTe 4 are investigated.
The starting compounds MnGa 2 Tе 4 and MnIn 2 Tе 4 were studied in detail. According to authors, 25 the MnGa 2 Tе 4 compound melts congruently at 1118 K (at 1093±10 K, 26 ) and has a homogeneity region of 49.8-50.2 mol% MnTe over the MnTe-Ga 2 Tе 3 section. The MnIn 2 Tе 4 compound also melts congruently at 1013 K, 27 (at 1040 K according to reference, 28 ).
The crystal structure of the MnGa 2 Tе 4 was studied in a number papers. 26, 29, 30 The authors, 29 showed that this compound has a pseudo-tetragonal monoclinic unit cell with parameters: a = b = 0.847 nm; c = 4.83 nm; α = β=γ ~ 90°; Z = 16. Close parameters were obtained: a = b = 0.8486 nm; c = 4.840 nm; α = β = γ ~ 90°; Z = 16. 26 The crystal structure of MnGa 2 Tе 4 was studied by the Laue method. 30 It was shown that this compound crystallizes in the monoclinic structure (Sp. gr. C2/c) with parameters: a = 1.1999(3); b = 1.1999(3); c = 2.4922(6) nm; β = 104.01(2)°; Z = 16.
The MnIn 2 Tе 4 compound crystallizes in a tetragonal structure (Sp. Group I -4 2m) with the parameters: a = 0.6191(2) nm; c = 1.2382(3) nm; Z = 2. 31 Mn-00003
The Experimental Part

1. Synthesis
For research ternary compounds MnGa 2 Te 4 and MnIn 2 Te 4 were synthesized. Simple substances from the company EVOCHEM ADVANCED MATERIALS GMBH (Germany) of high purity were used for the synthesis: gallium ingots (Ga-00009; 99.999%), indium in granules (In-00005; 99.999%), manganese pieces (Mn-00003; 99.98%), tellurium pieces (Te-00005; 99.9999%). The synthesis was carried out by melting of elemental components in stoichiometric ratios in evacuated to about 10 -2 Pa quartz ampoules at temperatures ~50 K higher than their melting points followed by slow cooling in the furnace off mode to room temperature. In order to prevent the interaction of quartz with manganese, the synthesis of compounds and alloys of the studied system was carried out in graphitized ampoules.
The individuality of the synthesized compounds was controlled by differential-thermal analysis (DTA) and powder X-ray diffraction technique (PXRD). According to the DTA data, the MnGa 2 Tе 4 and MnIn 2 Tе 4 compounds melt congruently correspondingly at 1075 ± 3 K and 1021 ± 3 K, which is somewhat different from the literature data. [25] [26] [27] [28] Analysis of the powder X-ray diffraction patterns confirmed the single-phase of both compounds.
The MnGa 2 Te 4 -MnIn 2 Te 4 alloys were prepared from the starting ternary compounds also by vacuum alloying in graphitized quartz ampoules. All alloys were subjected to thermal annealing at 900 K for 500 hours in order to achieve complete homogenization and then slowly cooled in the furnace off.
Methods
Phase equilibria in the MnGa 2 Te 4 -MnIn 2 Te 4 system were investigated by means of DTA and PXRD methods.
DTA of the equilibrated alloys was carried out using a NETZSCH 404 F1 Pegasus system. The measurement was performed between room temperature and ~1300 K with a heating and cooling rate of 5 K . min -1 under the inert gas (Ar) flow. Temperatures of thermal effects were determined from the heating curves with an accuracy of ± 2 K. NETZSCH Proteus Software was used for measuring and evaluating data.
Scanning Electron Microscopy combined with Energy-Dispersive X-ray spectroscopy (SEM/EDXS) was used for elemental analysis of samples. SEM/EDXS was performed using a JEOL JSM 6610-LV Scanning Electron Microscope.
The PXRD analysis was performed using a "D2 Phaser" diffractometer with CuKα 1 radiation (5°≤2-theta≤120°). The solution and refinement of the crystal structure were done by the Rietveld method using the TO-PAS-4.2 Software (Bruker).
Electron Paramagnetic Resonance (EPR) spectroscopy of MnGaInTe 4 crystals was carried out with the EL-EXSYS E 580 spectrometer (Bruker), and the Raman spectra were obtained using the "Nanofinder 30" 3D Laser Raman Microspectroscopy System (Tokyo Instruments).
The temperature dependences of the electrical conductivity and the Hall effect for the MnGaInTe 4 were studied in the temperature range 100-400 K on the "HL5500 PC-Hall effect measurement system" (Nanometric).
Results and Discussion
1. Phase equilibria in the MnGa 2 Te 4 -MnIn 2 Te 4 system
From the DTA data (Table 1) and PXRD studying of annealed MnGa 2 Te 4 -MnIn 2 Te 4 alloys, it is established that this system is characterized by the dystectic (D) and eutectic (e) equilibria ( The concentration dependence of the parameters of the crystal lattice (Table 1, Fig. 1b ) of the β-phase has linear character and allows refining the region of its homogeneity at room temperature (38 mol% MnIn 2 Te 4 ).
2. Crystal structure of MnIn 2 Tе 4 and MnGaInTe 4
Based on the PXRD data, we determined the crystallographic characteristics of the MnIn 2 Te 4 and MnGaInTe 4 samples ( Table 2) . PXRD patterns for MnIn 2 Te 4 and MnGaInTe 4 and the intensities differences between the experimental and calculated by Rietveld method data are shown in Fig.3 . The obtained results show good agreement of symmetry and cell parameters of these samples with the corresponding characteristics. 31 The indexing of the diffraction patterns based on obtained crystallographic parameters showed that the studied samples are single-phase.
Comparison of the unit cell parameters of MnIn 2 Te 4 and MnGaInTe 4 shows a noticeable difference in their values (Δa ~ 0.0092 nm; Δc ~ 0.0219 nm), which exceeds the value of errors many times. This clearly confirms the entry of Ga atoms into the structure. Despite solving the crystal structure of MnIn 2 Te 4 on the basis of single crystals data, 31 we also used their results to refine the structure of this compound, but on the basis of powder data and the Rietveld method. The above results were also used to refine the structure of the compound MnGaInTe 4 by the Rietveld method. The Mn and In atoms in the structure are located in identical positions statistically, where the ratio of the number of Mn atoms to In is 1:2. 31 This structure belongs to the defective type of chalcopyrite and all metals are located in the tetrahedron of tellurium atoms. In order to refine the crystal structures of MnIn 2 Te 4 and MnGaInTe 4 , first, for both compounds, the Lebail and Pawley methods were used to approximate the profiles of the diffraction peaks and to refine the unit cell parameters. For both methods, the obtained results turned out to be almost identical. Later, on the basis of the obtained diffraction data, the crystal structures of the noted compounds were refined. The final results are presented in Tables 2-4. Figure  4 shows a three-dimensional presentation of the crystal structure of these phases. The results of the elemental analysis (Table 5 ) and X-ray fluorescence spectrum of MnGaInTe 4 crystals (Fig.  5 ) are in good agreement with the chemical formula. As can be seen from Tables 3 and 4 , and also from (Fig. 1a) , according to which the stoichiometric composition of MnGaInTe 4 corresponds to the dystectic point D.
Physical Properties of the MnGaInTe 4
1. EPR Spectrum of MnGaInTe 4 Crystal
In fig. 6 showing the EPR spectrum of MnGaInTe4 crystals, where only one broad peak is observed. Based on the composition of this phase, it is clear that this peak refers to the resonant frequencies of manganese. If in the structure the smallest distances between Mn atoms are
2. Raman Spectrum of MnGaInTe 4 Crystal
The Raman spectrum for the MnGaInTe 4 crystal was represented in Fig.7 . As can be seen three peaks at 96, 119 and 139 cm -1 are observed in the low-frequency region of the spectrum. Raman spectra of CdIn 2 Te 4 , ZnIn 2 Te 4, and MnIn 2 Te 4 were studied by authors of,. 33 All these compounds crystallize in the tetragonal system and their structures such as MnGaInTe 4 belong to the defective type of chalcopyrite. 34 This closeness is well reflected in their Raman spectra (Table 6 ). As is seen from Table 6 the overall characteristics of the spectra of MnGaInTe 4 are the same as its ternary analogs. Some distinction between the frequencies of the Raman-active modes of these materials is due to the difference in their chemical composition. Fig. 6 . EPR spectrum for the MnGaInTe 4 crystal more than 1 nm, then their EPR spectra are characterized by a fine structure consisting of six nearby lines. However, the decrease in the distances between these paramagnetic ions leads to the merging of these fine lines to a single broad peak. 32 In our case, the distance between the Mn atoms is equal to the translational parameter of the cell a (a = 0.610293 nm), which is significantly less than 1 nm. Consequently, the EPR spectrum should consist of one broad peak, which was confirmed experimentally. 
Conductivity and Hall Effect of the MnGaInTe 4 Crystal
The temperature dependences of the electrical conductivity (Fig. 8a ) and the Hall effect (Fig. 8b) for the MnGaInTe 4 in the temperature range 100-400 K were studied. The value of electrical conductivity increases with increasing temperature. However, above 300 K, the electrical conductivity begins to increase more sharply. The sign of the Hall coefficient indicates the hole type of conductivity in the entire range of temperatures of 100-400 K. The hole concentration at room temperature calculated from measurements of the Hall coefficient is p = 1.25 • 10 15 cm -3 . The dependence R Hall (T) passes through a maximum at the 140 K and then decreases with increasing temperature (Fig. 8b) .
In the literature, we did not find any information about the electrical conductivity and Hall Effect in MnGa 2 Te 4 and MnGaInTe 4 compounds. Only, 35 reports the energy gap width of MnGa 2 Te 4 E g is 1.52 eV at 300K, which is determined from optical measurements. The determination of E g for MnGaInTe 4 compounds from our measurements is impossible since its expected temperature region of intrinsic conductivity is much higher than 400 K. The presence of a maximum on the temperature dependence of the Hall coefficient for MnGaInTe 4 may be explained by the impurity band existence. At temperatures above T max , charge transfer is performed by holes in the valence band. Below the maximum temperature, the transfer is carried primarily by thermally activated jumps between the acceptors.
The decrease in the value of the Hall coefficient above T max with increasing temperature indicates an increase in the concentration of charge carriers. As a result, an increase in the value of electrical conductivity is observed (Fiq.8a). With increasing temperature, the activated electrons from the valence band are captured at these levels and become increasing of concentration of holes. The activation energy E a has estimated from the temperature dependences of electrical conductivity was about 28 meV.
Conclusion
The MnGa 2 Te 4 -MnIn 2 Te 4 quasi-binary system is characterized by a phase diagram with dystectic and eutectic equilibria and the formation of broad regions of solid solutions with a monoclinic structure (0-12 mol% MnIn-2 Te 4 ) and a defect structure of chalcopyrite (38-100 mol% MnIn 2 Te 4 ). Using powder X-ray diffraction data by means of the Rietveld method the crystal structures of the MnGaInTe 4 and MnIn 2 Tе 4 were refined. It was established, that both phases crystallize in the tetragonal system (Space group I-42m), but they differ significantly in the occupancy of the crystallographic positions. This allows characterizing MnGaInTe 4 as an individual chemical compound, which is in accordance with the phase diagram. Comparison of Raman peaks of MnGaInTe 4 with isostructural compounds MIn 2 Te 4 (M = Zn, Mn, Cd) showed that the overall characteristics of the spectra are the same and differ only in values of the peaks frequencies. The observed EPR signal for MnGaInTe 4 , consisting of one broad peak, indicates the presence of long-range ordering in the arrangement of Mn atoms, which is in accordance with the crystallographic data. The Hall effect study was used to determine the type of conductivity and the concentration of holes in MnGaInTe 4 crystals. 
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